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Edited by Gianni CesareniAbstract We report here the complete nucleotide sequence of
the 23.5-kb mitochondrial genome from the yeast Kluyveromyces
thermotolerans. It encodes, all on the same DNA strand, three
subunits of cytochrome oxidase (COX1, COX2 and COX3),
three subunits of ATP synthetase (ATP6, ATP8 and ATP9),
the apocytochrome b (COB), the ribosomal protein VAR1, 24
tRNAs, the small and large ribosomal RNAs, and the RNA sub-
unit of RNase P. Three intronic ORFs are present within the
COX1 gene group I introns. The K. thermotolerans mitochon-
drial genome is very similar to the Candida glabrata mitochon-
drial genome, as judged from clusters of gene order, gene
transcription units and sequence similarities. Interestingly, the
predicted secondary structure of the abnormal tRNAThr1 con-
tains 10 nucleotides in its anticodon loop. This sequence is avail-
able under EMBL Accession No. AJ634268.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mitochondrial (mt) DNA is widely involved in evolutionary
studies of higher eukaryotes because it is a small molecule,
consisting mostly of coding sequences and lacks the genetic
complexity of the nuclear genome. Over the past two decades,
many complete mt sequences have been determined, including
ascomycetous yeasts (http://megasun.bch.umontreal.ca/ogmp/
projects/other/mt_list.html). Although the genetic role of
mtDNA appears to be universally conserved, the mt genome
of ascomycetous yeasts exhibits remarkable variation in size
as well as in gene content and organization.Abbreviation: mt, mitochondrial
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doi:10.1016/j.febslet.2004.10.106Within the ascomycetous yeasts, the size of complete mtD-
NAs varies from 20 kb in Schizosaccharomyces pombe [1]
to 85.8 kb in Saccharomyces cerevisiae [2]. However, larger
genomes are not associated with larger gene content. For
example, the same set of genes (except small subunit ribosomal
protein 3 and RNase P ribosomal subunit) is present in the mt
genomes of S. pombe, Schizosaccharomyces octosporus, and
Schizosaccharomyces japonicus var japonicus, whereas their
genome sizes are 19 431, 44 227 and 80 059 bp, respectively.
A typical yeast mt gene content is composed of cytochrome
c oxidase subunits 1, 2 and 3 (COX1, COX2 and COX3),
ATP synthase subunits 6 and 8 (ATP6, ATP8), the apocyto-
chrome b (COB), and several intron-related open reading
frames. In addition, the yeast mt genome also encodes the
large and small ribosomal RNAs, the RNase P gene and a
set of tRNA genes suﬃcient to recognize all codons actually
used. In most cases, all the genes are transcribed from the same
DNA strand, with few exceptions such as the threonine tRNA
gene in S. cerevisiae [2].
Beyond this common set of genes, there is a degree of
diversity regarding the gene content. The S. cerevisiae mt gen-
ome lacks the genes encoding the seven hydrophobic subunits
of the NADH dehydrogenase complex I, found in Yarrowia
lipolytica mtDNA [2,3]. The ATP9 gene is present in the
mtDNAs of S. cerevisiae, Candida glabrata and S. pombe,
but not in Podospora anserina [4]. The mt genomes of S. cere-
visiae, C. glabrata, Saccharomyces servazzii and Saccharomy-
ces castellii are characterized by the presence of a VAR1 gene
[2,5,6]. On the other hand, this gene is absent from Candida
albicans, Y. lipolytica, the Schizosaccharomyces yeasts and
euascomycetes (ﬁlamentous ascomycetes) [3,7,8]. In most
hemiascomycetous yeasts, the COX1 gene contains several in-
trons, some of which are translated, independently or in
frame with their upstream exons, to produce site-speciﬁc
endonucleases, reverse transcriptases or maturases (for re-
view, see [9]).
Yeast mt genetic codes diﬀer from the universal code by the
TGA being read as tryptophan [10]. In addition, ATA speciﬁes
methionine in S. cerevisiae and C. glabrata, whereas in Y.
lipolytica, the same codon signiﬁes isoleucine as in the univer-
sal code [2,3,5]. Finally, in S. cerevisiae and C. glabrata, the
CTN family speciﬁes threonine instead of leucine [2,5], due
to an abnormal tRNA with eight nucleotides in the anticodon
loop [11].blished by Elsevier B.V. All rights reserved.
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ans mt genome (CBS2803 strain) has previously been deter-
mined by restriction analysis and gene mapping [12].
Available sequence data from K. thermotolerans mt genome
were so far limited to the group I intron of the large ribosomal
RNA subunit (strain CBS6924) and the COX2 gene (strains
CBS2803 and CBS6340) [12–14]. More recently, partial se-
quences COX3, COB, ATP9, and VAR1 genes were obtained
as part of a random genomic sequencing project (Ge´nolevures)
[15].
In the present study, we have determined the complete nucle-
otide sequence of the mtDNA of K. thermotolerans (CBS6340
strain). It is a circular molecule of 23 584 bp containing eight
protein-coding genes: VAR1 (the ribosomal protein); ATP6,
ATP8, and ATP9 (the three ATP synthase subunits); COB
(the apocytochrome b); and COX1, COX2 and COX3 (the
cytochrome c oxidase subunits 1, 2, and 3). The COX1 gene
contains 3 group I introns, each with an intronic ORF. This
genome also contains 24 tRNA genes, the large and small
rDNA subunits (LSU and SSU) and the RNA subunit of
the mt ribonuclease P enzyme.2. Materials and methods
2.1. Genomic library and sequence assembly
Growth of cells from K. thermotolerans strain CBS6340 and the
genomic DNA preparation were performed as described before [16].
A plasmid library was constructed from sheared genomic DNA frag-
ments (4 kb size on average), ligated to the plasmid vector pCDNA2.1
using Bst XI adaptors. Sequencing reactions were performed, from
both ends of DNA plasmid, using dye primers and run on LiCor
4200L DNA sequencers. Base calling and quality clipping of the se-
quence traces were done as previously described [17]. Sequences were
screened against plasmid vector and E. coli sequences, in order to elim-
inate contaminations. Finally, a total of 43 941 useful reads were pro-
duced by the CNS-Ge´noscope (Centre National de Se´quenc¸age,
France). This set of reads contains nuclear DNA sequences corre-
sponding to 3.4-fold genome coverage (which will be published else-
where) and mt DNA sequences.
In order to identify K. thermotolerans mtDNA sequences, blastn
[18] comparisons were performed between the K. thermotolerans
reads and complete mtDNA genomes from S. cerevisiae, Pichia
canadensis, Y. lipolytica, C. albicans, S. pombe and C. glabrata
(accession numbers: AJ011856, D31785, AJ307410, AF285261,
X54421 and AJ511533, respectively). A total of 893 reads (38-fold
coverage) were identiﬁed and subjected to sequence assembly using
phred (version 0.000925.c) and phrap (version 0.990319) programs
with parameters set to default. After assembly, the sequence was
completed by few additional reads, performed by Pasteur Genopole
Ile France (Institut Pasteur, Paris, France), in order to resolve low
quality regions or ambiguity of the consensus sequence. Each base
of the K. thermotolerans mtDNA was covered at least twice on each
strand. The ﬁnal sequence was edited with consed program (version
13.0), checked for its quality and deposited to EMBL (accession
number AJ634268).2.2. Gene annotation
The blastx program (with mt genetic code of S. cerevisiae) was
used to compare the K. thermotolerans mtDNA against proteins
from annotated mt genomes of S. cerevisiae [2], P. canadensis [19],
C. glabrata [5], S. castellii [6], S. servazzii [6], and Y. lipolytica [3].
Large and small ribosomal RNA genes were annotated by blastn
comparison with S. cerevisiae and C. glabrata. The tRNA genes were
identiﬁed either by the program FASTtRNA [20] or by blast compar-
isons between the K. thermotolerans mt genome and tRNAs from S.
cerevisiae and C. glabrata. Detection of the RNA subunit of the
RNase P was based on universally conserved structural elements
CRI and CRV [21].3. Results and discussion
3.1. General features
The entire mt genome of K. thermotolerans (CBS6340 strain)
was sequenced, leading to a mtDNA molecule of 23 584 bp
(Fig. 1). This is a compact genome when compared to Y.
lipolytica, S. cerevisiae, and P. anserina (47.9, 85.6, and 100.3
kbp, respectively). However, this mtDNA size is comparable
to that of C. glabrata, S. castellii and S. servazzii. As in S. cere-
visiae, C. glabrata, S. servazzii and S. castellii, the mtDNA of
the K. thermotolerans is characterized by a low G + C content
(24.8% and 25.4% for the entire genome and the exonic ORFs,
respectively). The VAR1, ATP9 and COX2 genes diﬀer from
average by having a G+C content of 13.1%, 32.4% and
34.2%, respectively. The K. thermotolerans mtDNA molecule
is composed 27.9% of the 8 subunits of respiratory chain com-
plexes (exonic ORFs only), 19.9% by RNA-coding genes,
18.4% of the 3 COX1 introns and 7.2% of the 24 tRNAs, leav-
ing 26.6% for intergenic sequences. All genes are encoded and
transcribed from the same DNA strand (with a purine content
of 50.6%), as commonly observed among ascomycetous fungi.
The sequence coordinates of the K. thermotolerans genes are
given in Table 1.
3.2. Protein-coding regions
The K. thermotolerans mt genome contains 8 protein-coding
genes, identiﬁed by similarity to known yeast mt genes. These
include ATP6, ATP8, ATP9 (ATPase subunits 6, 8, and 9),
COX1, COX2, COX3 (cytochrome oxidase subunits 1, 2, and
3), COB (apocytochrome b) and VAR1 (ribosomal protein).
All protein-coding genes terminate with a TAA codon, except
for COX1 and COB genes (TAG). Among the complete mt
genomes of ascomycetous yeasts, there are several diﬀerences
with respect to the gene content. The seven genes encoding
the hydrophobic subunits of NADH (ubiquinone oxidoreduc-
tase complex I) in Y. lipolytica (as in many other organisms)
are absent in K. thermotolerans (this work), S. cerevisiae [2],
S. pombe [8], C. glabrata [5], S. castellii and S. servazzii [6].
Similarly, the ATP9 gene is present in the mt genome of most
fungal species (including K. thermotolerans), but absent in P.
anserina [4]. Sequence similarities with proteins of other asco-
mycetous yeasts are shown in supplementary data 1. Note the
higher values with S. cerevisiae, P. canadensis, C. glabrata, S.
castellii, and S. servazzii than for other yeasts.
3.3. Genetic code and codon usage
The high amino acid sequence conservation between K. ther-
motolerans and S. cerevisiae mt proteins allows us to examine
the replacement of TGA, ATA, and CTN codons in align-
ments between corresponding genes (Table 2). Thirty seven
TGA codons (over a total of 41) occur at conserved positions
between K. thermotolerans and S. cerevisiae, suggesting that in
K. thermotolerans the TGA codon also speciﬁes tryptophan.
Assignation of ATA as a Met codon is based on the only 2
occurrences of this codon in the VAR1 gene of K. thermotoler-
ans at conserved positions with S. cerevisiae. For the CTN
family, 5 CTT and 11 CTA codons occur in K. thermotolerans
and only one and three of them, respectively, are conserved,
when compared to corresponding proteins in S. cerevisiae.
Among the 12 non-conserved CTN codons, 3 are replaced
by CTA, ACT, or ACA codons that encode threonine. The
remaining non-conserved positions of CTN codons are
Fig. 1. Circular DNA map of the mt genome of K. thermotolerans. All genes are transcribed clockwise. The outer circle indicates the location of
protein-coding (in red), tRNA (in green) and RNA (in blue) genes. Thin red blocks represent group I introns in the COX1 gene. Location of the
transcription processing motifs and transcript initiation signals is indicated by purple diamonds and black arrow ﬂags, respectively. Origin of
the genome coordinates was arbitrarily placed 35 bp before the tRNAIle. The inner circle with yellow motifs represents the GC content computed as
the GC percent of 50 bp (windows size) each 20 bp (moving size) along the entire mitochondrial genome (scale: 0–73%).
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ATT (Ile), TTC(Phe), AAT(Asn) or AAA (Lys) (see Table
3). In conclusion, K. thermotolerans presents the 3 same devi-
ations from the universal code as S. cerevisiae and C. glabrata.
The codon usages of exonic and intronic ORFs (Table 3)
show a strong bias towards codons ending which T or A, lead-
ing to the usage of only 59 of the 62 possible codons (46 if one
only considers the exonic ORFs). The three missing codons are
among the families of six codons (Ser and Arg). Although
rarely represented (2 and 8 cases in exonic and intronic ORFs,
respectively), the CGN codon family encodes arginine as in S.
cerevisiae (5 of the CGN codons have conserved positions in S.
cerevisiae). Note that the same family is absent in other yeasts
like C. glabrata [5], S. castellii [6], S. servazzii [6] and in the
exonic ORFs of Y. lipolytica [3]. The presence of the CGN co-
dons and the corresponding tRNA gene (see below) in K. ther-
motolerans is in contradiction with a previous report,
indicating their absence in another strain CBS2803 [12].
3.4. Ribosomal RNAs, transfer RNAs and RNase P genes
In some strains of S. cerevisiae, the large mt ribosomal RNA
gene contains an intron encoding the homing-endonuclease I-
SceI, while this intron is absent in the sequenced strains of C.
glabrata, S. castellii, and S. servazzii [5,6]. Based on sequence
similarity with S. cerevisiae and C. glabrata RNA genes, the
large and small subunits of ribosomal RNA (LSU and SSU)
genes were identiﬁed in K. thermotolerans (the 5 0 and 3 0 bound-
aries were determined from comparison to C. glabrata). Inter-
estingly, the strain of K. thermotolerans presently sequenced
does not contain an intron within the LSU gene, while theCBS6924 strain was previously shown to have a group I intron
with an internal reading frame [13]. Thus, in K. thermotolerans,
the presence of the group I intron in the LSU gene is optional
as in S. cerevisiae [22].
RNase P is a ribonucleoprotein universally present in all
organisms that participates in the processing of tRNAs and
other small RNAs, by endonucleolytic removal of 5 0 leader se-
quences from RNA precursors [23]. The RNA component of
the mt RNase P is found in several ascomycete fungi and vary
considerably in size and primary sequence. For example, the
respective lengths are 423 nt for S. cerevisiae [24], 227 nt for
C. glabrata [5,25], and as short as 140 nt for Saccharomycosis
ﬁbuligera [26]. In addition, these genes are extremely A+T rich,
making primary sequence comparisons and RNA modeling
very diﬃcult. To deal with the absence of primary sequence
conservation between mtDNA of K. thermotolerans and
RNase P genes already sequenced, we based our search on uni-
versally conserved structural elements CRI and CRV, vali-
dated by secondary structure comparison with models
described for other ascomycete fungi such as S. cerevisiae, C.
glabrata, S. castellii and S. exiguus [21]. This leads us to
the identiﬁcation of a 452 bp sequence, located between the
tRNAMet2 and the tRNAPro genes, that corresponds to the
RNase P gene of K. thermotolerans. The comparative struc-
tural modeling with other yeast RNase P reveals only the pres-
ence of the P4 helix, deﬁned by CRI and CRV regions.
Moreover, we identiﬁed a potential P18 pairings as described
in [21] as one of RNase P structural features in ascomycete
fungi. The predicted secondary structure of the RNase P of
K. thermotolerans (Fig. 2) is very similar to the one described
Table 1
Localization of genes in the mtDNA of K. thermotolerans
Features Localization (nt) Function
tRNAIle 36–108
tRNASer1 235–320
SSU 378–1970 15S ribosomal RNA
tRNATrp 2132–2204
LSU 2224–5337 21S ribosomal RNA
tRNAThr2 5362–5434
tRNAGlu 5611–5682
COB 6104–7258 Apocytochrome b
tRNAMet2 7352–7424
RNase P 7428–7879 RNA subunit of the RNase P
tRNAPro 7882–7953
COX1 Join (8448–8687,
10 216–10 361,
Cytochrome c oxidase, subunit 1
11 758–12 091,
13 494–14 375)
KtCox1.1 8688–9692 Putative DNA endonuclease
KtCox1.2 10 363–11 601 Putative DNA endonuclease
KtCox1.3 12 285–13 226 Putative DNA endonuclease
ATP8 14 817–14 960 ATP synthase, subunit 8
ATP6 15 395–16 174 ATP synthase, subunit 6
ATP9 16 438–16 665 ATP synthase, subunit 9
tRNAThr1 16 890–16 961
tRNAPhe 17 248–17 319
COX2 17 409–18 161 Cytochrome c oxidase, subunit 2
tRNACys 18 392–18 464
tRNAVal 18 704–18 776
COX3 18 921–19 727 Cytochrome c oxidase, subunit 3
tRNALeu 19 899–19 980
tRNAGln 20 085–20 157
tRNALys 20 385–20 456
tRNAArg1 20 511–20 583
tRNAGly 20 713–20 784
tRNAAsp 20 806–20 877
tRNASer2 20 882–20 964
tRNAArg2 20 980–21 051
tRNAHis 21 094–21 164
tRNAMet1 21 284–21 356
VAR1 21 521–22 639 Ribosomal protein
tRNATyr 23 066–23 150
tRNAAsn 23 214–23 285
tRNAAla 23 449–23 520
Coordinates of protein-coding genes correspond to the start and stop
codons.
Coordinates of the RNase P and tRNA genes are deduced from their
secondary structures.
Coordinates of other RNA genes are determined by similarity to S
cerevisiae and C. glabrata RNA genes.
Intron ORF coordinates start with the 1st in frame nucleotide position
in the introns KtCox1.1 and KtCox1.2, or the internal ATG codon
(KtCox1.3) and end with stop codons.
All three COX1 introns belong to group I and contain an ORF.
The origin was set arbitrarily between tRNAAla and tRNAIle genes.
Table 2
Comparison of TGA, ATA, CTT, and CTA codons between genes of
S. cerevisiae (Sace) and K. thermotolerans mt genomes
# of codons # of conserved
codons in Sace
Non-conserved
codons in Sace
TGA (Trp)
COB 8 7 TAT (Tyr)
COX1 (exons) 10 10
ATP6 4 3 TTA (Leu)
COX2 5 5
COX3 10 9 TAT (Tyr)
VAR1 4 3 TTA (Leu)
Total 41 37 4
ATA (Met)
VAR1 2 2
Total 2 2 0
CTT (Thr)
COX1 (exons) 2 1 CTA (Thr)
ATP6 1 0 TTA (Leu)
COX2 1 0 TGT (Cys)
COX3 1 0 ACT (Thr)
Total 5 1 4
CTA (Thr)
COB 3 2 TCT (Ser)
COX1 (exons) 1 1
COX2 2 0 GTT (Val),
ACA (Thr)
COX3 2 0 ATT (Ile),
TTC (Phe)
VAR1 3 0 AAT (Asn), AAT
(Asn), AAA (Lys)
Total 11 3 8
Only exonic sequences of COX1 gene were considered.
Each codon was searched in K. thermotolerans genes and the corre-
sponding codons in S. cerevisiaewere examined in sequence alignments.
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and tRNAPro) found in K. thermotolerans is also conserved in
diﬀerent yeast species: S. cerevisiae [2], C. glabrata [5], S. exig-
uus [26], K. lactis [27], S. castellii, and S. servazzii [6]. As in S.
cerevisiae and C. glabrata, the three genes are likely to be co-
transcribed in K. thermotolerans (see below).
The mtDNA of K. thermotolerans contains 24 tRNA
genes, identiﬁed by sequence comparison with S. cerevisiae
and C. glabrata. The ﬁgure ranges from 23 to 25 for S. cas-
tellii, S. servazzii, S. cerevisiae, P. canadensis and C. glab-
rata. All tRNA genes in K. thermotolerans are encoded by
the same DNA strand as other genes. Predicted secondary
structures for the K. thermotolerans tRNA genes are shownin Fig. 3. Interestingly, the predicted secondary structure of
the tRNAThr1, which reads CTN codons (see above), con-
tains 10 nucleotides in the anticodon loop, instead of 8
nucleotides for S. cerevisiae, C. glabrata, S. servazzii and
S. castellii (normal tRNA contains 7 nucleotides in the
anticodon loop). While this tRNA gene lies in opposite
orientation of other genes in S. cerevisiae, S. castellii and
S. servazzii, this is not the case in K. thermotolerans and
C. glabrata. As observed in S. cerevisiae, the predicted sec-
ondary structure of the tRNAAsp of K. thermotolerans has
an unusual ;-loop, in which the TTC sequence is replaced
by TGC.
3.5. Putative transcription initiation sites and endonucleolytic
cleavage sites
The nonanucleotide motif sequence TATAAGTAA is
known as the transcription initiation site in S. cerevisiae [28].
Similar motifs, TATAAGTA(A/G) and TATAAG(T/A)(A/
T), have also been found in C. glabrata and P. canadensis mt
genomes, respectively [5,19]. Using the core sequence TATA-
AGTA, we found a list of 15 putative transcription initiation
sites (Table 4A) in the K. thermotolerans mt genome. This ﬁnd-
ing indicates that the number of transcription sites is not di-
rectly proportional to the genome size, since 19 and 8
transcription sites were deﬁned in S. cerevisiae and C. glabrata,
respectively [2,5]. The most common motif is TATAAGTAA
as in S. cerevisiae and C. glabrata. Such motif is found within
Table 3
Codon usage of exonic and intronic protein-coding genes in the K. thermotolerans mitochondrial genome
Codon aa Exonic Intronic Codon aa Exonic Intronic Codon aa Exonic Intronic Codon aa Exonic Intronic
TTT F 85 48 TCT S 41 38 TAT Y 93 84 TGT C 16 14
TTC F 72 10 TCC S 0 1 TAC Y 27 7 TGC C 0 2
TTA L 303 131 TCA S 82 24 TAA * 6 3 TGA W 41 19
TTG L 1 5 TCG S 0 0 TAG * 2 0 TGG W 0 1
CTT T 5 10 CCT P 56 14 CAT H 49 16 CGT R 2 5
CTC T 0 1 CCC P 1 5 CAC H 5 5 CGC R 0 1
CTA T 11 12 CCA P 27 6 CAA Q 47 24 CGA R 0 0
CTG T 0 3 CCG P 0 1 CAG Q 0 2 CGG R 0 2
ATT I 204 94 ACT T 39 24 AAT N 142 130 AGT S 30 23
ATC I 17 6 ACC T 0 6 AAC N 16 13 AGC S 3 1
ATA M 2 28 ACA T 63 27 AAA K 76 112 AGA R 44 28
ATG M 56 22 ACG T 0 3 AAG K 1 4 AGG R 0 0
GTT V 51 17 GCT A 88 30 GAT D 51 41 GGT G 82 40
GTC V 1 0 GCC A 5 2 GAC D 2 3 GGC G 0 1
GTA V 103 36 GCA A 50 17 GAA E 49 36 GGA G 53 23
GTG V 1 4 GCG A 0 2 GAG E 1 3 GGG G 2 4
The codon content was calculated separately from the eight protein coding genes (Exonic) and the three COX1 intronic coding genes (Intronic).
Amino acids are indicated in one-letter code.
Asterisk indicates a stop codon. aa, amino acid.
TA A
A [ tn 202 ] TA
TA C A
T TC T T TAA A - TCC T T C
A GA TAA T TA GG AAA G
C CA A T A T
T AG A
G AA A
A AT A
A TA A A
A A
G A
G T
AA
TT
'5 GA
T T TA TA TA TA AA T AT A AC T A T AT T A TTT GA T G AAA T TA A
AA AT AT AT AT TT AT AT AT AT AAA [ tn 68 ]
'3 TA CTT G AT AT A A A A CA AT CT
AT
TA A
4P
81P
VIRC
VRC
CR
I
Fig. 2. Secondary structure model of the K. thermotolerans mitochondrial RNase P RNA. The universally conserved regions CRI, CRIV and CRV
are indicated in red. P4 and P18 helices are also shown. Base pairings are indicated in bold characters. Figures in brackets indicate the number of
nucleotides between the two neighbor nucleotides.
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(positions 14 732–14 740 and 22 473–22 481, not shown) are
found in the Crick strand opposite to all coding genes.
In the S. cerevisiae mt genome, the dodecanucleotide motif
AATAATATTCTT is located downstream of most protein-
coding genes and believed to be a cleavage site needed for
RNA processing of multi-gene transcripts [29–31]. Similar mo-
tifs, TATAATATTCTT, (A/t)ATAATATTC(A/c)(T/A), and
(A/t)(T/a)ATA(a)TATTC(T/A/g)(T/A/C), have been found in
C. glabrata [5], S. castellii and S. servazzii [6], respectively.
In K. thermotolerans, 9 putative transcript processing signals
were found corresponding to the consensus sequence motif
(A/T/g)(A/t)TAATATTC(T/a)(T/A/c) (Table 4B). All protein
coding genes (except for COX1 and ATP8) show a transcript
processing signals downstream of it. Note that the consensus
motif is also found once (position 12 948–12 955, not shown)
on the Crick strand.
Taking into consideration the combination of putative
transcription initiation sites and transcript processing signals,we deﬁned eight putative transcript units within the K. ther-
motolerans mtDNA (Fig. 4). Only one is monocistronic and
corresponds to the ATP9 gene. The longest polycistronic
transcript is ca. 8100 nucleotides and covers the COX1,
ATP8, and ATP6 genes. The six other polycistronic tran-
scripts, respectively, contain LSU, tRNATrp, tRNAGlu and
COB genes (ca. 5100 nt), the Leu, Gln, Lys, Arg1, Gly,
Asp, Ser2, Arg2, His, Met1 tRNA and VAR1 genes (ca.
2800 nt), the Tyr, Asn, Ala, Ile, Ser1 tRNA and SSU genes
(ca. 2700 nt), the tRNACys, tRNAVal and COX3 genes (ca.
1400 nt), the COX2 and tRNAPhe genes (ca. 1200 nt), and
the tRNAMet2, RNase P, and tRNAPro genes (ca. 1000 nt).
Surprisingly, the Trp and Thr1 tRNA genes are not included
in the above units. It is possible that they are co-transcribed
with upstream units (SSU and ATP9, respectively) and sub-
sequently processed.
In terms of gene order conservation, the K. thermotolerans
mt genome is most similar to the C. glabrata mt genome as
shown in Fig. 4. Five gene clusters (designated 1–5) are syn-
Fig. 3. Cloverleaf structures of the 24 tRNAs deduced from the K. thermotolerans mt genome. Anticodons are underlined and corresponding
aminoacids are indicated. G/C and A/T base pairings are in bold and depicted by bars. G/T base pairings are denoted by dots. Note the exceptional
presence of ten nucleotides in the tRNAThr1 anticodon loop.
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cept that clusters 4 and 5 have inverted positions). The most
notable diﬀerences between the two genomes are the transloca-
tion of regions composed by tRNAThr1, tRNAPhe, and COX2genes, and the tRNAHis (note that tRNAArg2 does not exist in
C. glabrata). Cluster 4 (from tRNAMet1 to tRNAIle) is split in
two (clusters 4a and 4b) in S. castellii and S. servazzii. Two
large clusters (cluster 2: from tRNAGlu to ATP9 ; cluster 3:
Table 4
Cis-acting conserved and consensus sequences involved in transcription
A
8 7 6 5 4 3 2 1 +1
S. cerevisiae T A T A A G T A A
C. glabrata T A T A A G T A A
Downstream gene Start–End Dist
SSU 337–345 T A T A A G T A A 34
LSU 2213–2221 T A T A A G T A A 4
tRNAMet2 7339–7347 T A T A A G T A A 6
COX1 8124–8132 T A T A A G T A A 317
ATP8 10 000–10 008* T A T A A G T A T 4810
ATP9 16 242–16 250 T A T A A G T A A 189
tRNAPhe 17 003–17 011 T A T A A G T A T 238
tRNAPhe 17 136–17 144 T A T A A G T A A 105
COX2 17 349–17 357 T A T A A G T A A 53
tRNACys 18 293–18 301 T A T A A G T A A 91
tRNAVal 18 587–18 595 T A T A A G T A A 110
tRNALeu 19 828–19 836 T A T A A G T A A 64
tRNAGly 20 595–20 603 T A T A A G T A A 111
tRNATyr 22 866–22 874 T A T A A G T A A 193
tRNAAsn 23 199–23 207 T A T A A G T A A 8
K. thermotolerans T A T A A G T A A/t
B
S. cerevisiae A A T A A T A T T C T T
C. glabrata T A T A A T A T T C T T
Upstream gene Start–End Dist
SSU 1972-1983 T T T A A T A T T C T T 2
COB 7305-7316 A A T A A T A T T C T T 47
tRNAPro 8408-8419 T A T A A T A T T C A T 455
ATP6 16226-16237 A A T A A T A T T C T A 52
ATP9 16706-16717 G A T A A T A T T C T T 41
COX2 18241-18252 A A T A A T A T T C T C 80
COX3 19758-19769 A A T A A T A T T C T A 31
tRNAMet1 21380-21391 T A T A A T A T T C A T 24
VAR1 22711-22722 A A T A A T A T T C T A 72
K. thermotolerans A/T A/t T A A T A T T C T/a T/A/c
Consensus sequences are shown in the two top rows (S. cerevisiae and C. glabrata) and in the last row (K. thermotolerans).
(A) Putative transcription initiation signals in K. thermotolerans.
The core sequence, TATAAGTA, was used to search for putative transcription initiation signals.
The gene downstream of the transcription motifs as well as the distance in nucleotides (Dist) from the conserved A-residue (position –1) to the gene is
given.
(B) Putative transcript processing signals in K. thermotolerans.
The core sequence, (A/T)TAATATTC, was used to search for putative transcription processing signals in K. thermotolerans.
The gene upstream of the dodecamer sequence motif, the position of the motif (Start–End), and the distance in nucleotides (Dist) from the 3 0end
to the gene and the ﬁrst nucleotide of the motif are given.
* This site occurs within the COX1 gene. Less frequently observed nucleotides in the consensus motifs are in lower cases.
36 E. Talla et al. / FEBS Letters 579 (2005) 30–40from tRNACys to tRNASer2) are also shared with S. castellii but
split into smaller pieces in S. cerevisiae and S. servazzii. Inter-
estingly, K. thermotoleransmt genome has the trancription unit
(COX1/ATP8/ATP6), which is found in all the Saccharomyces
yeasts [32], C. glabrata [33], K. thermotolerans [12], K. lactis
[27], P. canadensis [19], and Y. lipolytica [3], suggesting that
it is a common ancestral unit.
3.6. Introns and intronic ORFs
Mitochondrial introns are divided into two groups, I and II,
based on their structure and splicing mechanism [34]. Many
group I introns contain ORFs either linked in frame with the
upstream exon or free-standing. These ORFs encode proteins
required for eﬃcient intron RNA splicing (maturases) and/or
site-speciﬁc DNA endonucleases capable of recognizing and
cleaving the intronless allele, thereby initiating the homing
events of mobile introns [9]. Group I intron encoded homing
endonucleases of various organisms are classiﬁed into four dis-
tinct families characterized by distinct motifs (LAGLIDADG,
GIY-YIG, H-N-H, or His-Cys Box) and 3D structures. Thehoming mechanism of mobile group II introns diﬀers signiﬁ-
cantly from the one of group I introns and requires the reverse
transcriptase and DNA nickase activities of the intron-
encoded proteins (for review, see [9]).
The K. thermotolerans COX1 gene is interrupted by three
group I introns (KtCox1.1, KtCox1.2 and KtCox1.3) of
1530, 1398 and 1404 nt in length, respectively. The secondary
structure of each intron reveals the characteristic features of
group I introns [35] (Fig. 5). In all cases, the upstream exon
ends with a T which, upon folding of the P1 stem, pairs with
a G inside the intron. The P4, P6 and P8 stems are recogniz-
able as well as the P3–P7 pseudoknot. The introns end with
a G, as required for the second step of the RNA splicing mech-
anism. The major part of the ORFs of the KtCox1.1 and
KtCox1.2 lies within the P1 and P8 loops, respectively. More
surprisingly, the intronic ORF of KtCox1.3 which is not linked
in frame with its upstream exon, is not entirely contained with-
in a loop but starts within the P6 loop to end within the P8
loop after having overlapped the P3, P6, P7, and P8 stems.
Note that a mismatched pair is present within the P3 stem.
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Fig. 4. Comparison of gene orders between K. thermotolerans, C. glabrata, S. servazzii, S. castellii, and S. cerevisiae. tRNAs are named by their
cognate aminoacid and numbers refer to those of S. cerevisiae [2]. Protein-coding genes are in bold. Clusters of conserved gene orders are represented
by numbered boxes in each mt genome. Colored boxes indicate the predicted K. thermotolerans and C. glabrata transcriptional units (see text).
Figures are not drawn to scale.
E. Talla et al. / FEBS Letters 579 (2005) 30–40 37Localization of introns within the COX1 gene is shown in
Fig. 6 (see also supplementary data 2). The ﬁrst intron
KtCox1.1 is inserted at the same site as the ScCox1.3 intron
of S. cerevisiae and other group I introns in C. glabrata, S. ser-
vazzii and S. castellii. The KtCox1.1 intron together with the
COX1 exon1 encodes a chimeric protein of 415 aminoacids,
with two dodecapeptide motifs and 94.5% identity to the
known endonuclease I-SceIII of S. cerevisiae [2]. The second
intron in the COX1 gene (KtCox1.2) shows the same exon-in-
tron junctions as in C. glabrata and S. servazzii. Together with
COX1 exons 1 and 2 (after splicing of KtCox1.1), it forms a
1626 bp ORF encoding a chimeric protein of 542 aminoacids
that shows 50% identity to the intron-translation product
of C. glabrata and S. servazzii. The deduced aminoacid se-
quence contains two dodecapeptide motifs. Finally, the third
intron is inserted at the same position as ScaCox1.2 and
ScCox1.4 introns in S. castellii and S. cerevisiae, respectively.
It contains a 942 bp free-standing ORF encoding a protein
of 314 aminoacids with two dodecapeptide motifs and 60%
identity with the C-terminal part of two endonucleases (from
ScaCox1.2 intron of S. castellii, I-SceII endonuclease of S.
cerevisiae).Compared to S. cerevisiae, the mtDNA of K. thermotolerans
contains fewer introns and all of them belong to the group I.
The same is also true for S. castellii, S. servazzii and C. glab-
rata, suggesting that the Saccharomyces sensu lato yeasts have
lost the group II introns or that these have been acquired in
Saccharomyces sensu stricto. The mobility of introns ScCox1.3
(homolog to KtCox1.1) and ScCox1.4 (homolog to KtCox1.3)
of S. cerevisiae [2] and the presence of two dodecapeptide mo-
tifs in intronic ORFs suggest that KtCox1.1 and KtCox1.3
may be mobile.4. Conclusions
The mt genome of K. thermotolerans ressembles that of
many other fungal mtDNAs in that it contains the usual set
of genes. Sequence alignments between the K. thermotolerans
protein encoding genes with their homologs in S. cerevisiae
strongly support the notion that the usual yeast mt genetic
code is used in K. thermotolerans. Interestingly, prediction
of the secondary structures of the tRNA genes reveals
an abnormal tRNAThr1 containing 10 nucleotides in the
Fig. 5. Predicted secondary structure of the 3 group I introns of K. themotolerans COX1 gene. The exon/intron limits are represented by dotted lines
and numbers correspond to the coordinates in the mt genome. Introns KtCox1.1 and KtCox1.2 each contain a long ORF, linked in frame with the
upstream exon, designated as ‘‘ORF’’. The intronic ORF of KtCox1.3 starts within the P6 loop (N-ORF), overlaps the P3, P6, P7, and P8 stems, and
ends within the P8 loop (C-ORF). Note that a mismatched pair is present within the P3 stem. Sizes of the non-represented sequences are indicated in
nucleotides (nt). G/C and A/T base pairings are depicted by bars, G/T pairings by dots. Stems are designated according to standard group I intron
nomenclature [35].
38 E. Talla et al. / FEBS Letters 579 (2005) 30–40anticodon loop. The gene order is most similar to the C. glab-
rata genome. Many more questions are still opened. For
example, we were so far unable to identify origins of replica-
tion in the K. thermotolerans mt genome from sequence com-parisons with the consensus patterns from S. cerevisiae.
However, the complete sequence of the K. thermotolerans
mt genome should provide useful information for further
studies on its function in the future.
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Fig. 6. Insertion sites of introns in the COX1 gene of K. thermotolerans
(Klth) compared with C. glabrata (Cagl), S. servazzii (Sase), S. castellii
(Saca), and S. cerevisiae (Sace). Arrows indicate where the introns are
inserted.
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